The hydrogen production by biological processes using fermentative microorganisms is an environment-friendly way for storage and use of energy. A laboratory-scale model of the fermentation system was developed and tested, which allows studying the kinetics of hydrogen production by a standard Escherichia coli MSCL (Microbial Strain Collection of Latvia) strain 332 used as indicator at the sanitary analyses of water. In this work, we compared the hydrogen concentrations in liquid (the cultivation media) and gaseous environments. During the anaerobic growth of E. coli MSCL332 bacteria in glucose-containing media a hydrogen over-saturation in the liquid phase was observed. The maximum of dissolved hydrogen concentration (2481 µmol/l) was reached by the fourth hour of fermentation, while for gaseous phase the mass-spectrometric analysis showed that hydrogen of the highest concentration occupied only 0.4% volume.
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INTRODUCTION
Today the energy production is mainly based on fossil fuels, and these climate changing energy resources will soon be exhausted. Consequently, efforts of researchers worldwide are directed towards the innovations that are environmentfriendly and sustainable.
Hydrogen is the most abundant element in the Universe, though scarcely available on the Earth in a molecular (dihydrogen, H 2 ) form. Nevertheless, dihydrogen can be produced from many different sources (e.g. biomass rich in carbohydrates), and in many different ways [1] . Every physical or chemical method of H 2 production requires a powerful electrolytic, thermal or photolytic source of energy, which is not always environment-friendly. On the contrary, biological processes of hydrogen recovery and collection from organic resources such as municipal wastewater and sludge facilitate recycling of sewage and are environmentally benign [2] . Nowadays, many institutions and universities worldwide are involved in the research of hydrogen production by microorganisms and algae [2] [3] [4] . Microorganisms are capable of producing H 2 via two main pathways: fermentation and photosynthesis. The processes of bio-hydrogen production include: 1) direct biophotolysis by green algae -the photosynthetic production of hydrogen by splitting water into molecular hydrogen and oxygen using sunlight under specific conditions;
2) indirect biophotolysis by cyanobacteria with specialized cells (heterocysts) that perform nitrogen fixation and contain enzymes (nitrogenase and hydrogenase) directly involved in hydrogen metabolism and synthesis of molecular H 2 ; 3) photo-fermentation by purple non-sulfur bacteria that evolve molecular H 2 catalyzed by nitrogenase enzyme under nitrogen-deficient conditions using the energy of light and organic acids; 4) dark-fermentation by anaerobic bacteria grown in the dark on carbohydraterich substrates [1, 5, 6] . Bacterial hydrogen production by fermentation of carbohydrate-containing substrates (glucose, cellulose, starch and organic waste materials) is frequently preferred to photolysis, because it does not rely on the availability of light sources [5] . In the fermentation of glucose by enterobacteria, e.g. Escherichia coli, one of the pyruvate oxidation products, alongside with acetyl-CoA, is formate, which is produced by pyruvate formate lyase and is the sole source of hydrogen in these bacteria. The formate is split into CO 2 and H 2 by formate hydrogen lyase (FHL) complex, which comprises seven proteins, six of them being encoded hyc operon. Five hyc operon encoded proteins are membrane-embedded electron transporters. The hycE protein is one of the three E.coli NiFe hydrogenases (also referred to as Hyd-3). The hycE and FDH-H components of FHL complex are soluble periplasmic proteins. The hydrogen evolved from FHL is consumed by E.coli uptake hydrogenases Hyd-1 and Hyd-2. In contrast to enterobacteria, strictly anaerobic fermenters, e.g. Clostridia, use a reduced ferredoxin (required to oxidize pyruvate to acetyl-CoA) for H 2 production by the hydrogenase that generates ferredoxin in the oxidized form and releases electrons as molecular hydrogen [5, [7] [8] [9] .
Glucose fermentation by enteric bacteria yields the maximum of 2 mol H 2 / mol glucose [10] . To enhance the hydrogen production and utilize the substrate in full measure for complete conversion, the synergy of biological processes (twostage/hybrid ones) should be applied [11] .
Gaseous hydrogen is formed in liquid media during bacterial fermentation. Hydrogen gas hardly dissolves in aquatic solutions [12] , but special methods are required to discharge hydrogen into atmosphere and in so doing to escape oversaturation [13] . In the atmosphere the parameters of hydrogen gas are measured by classical volumetric, mass-spectrometric and chromatography methods, or using chemical gas sensors [14] . Wilkins [15] described a method for measuring gas production by microorganisms using a platinum electrode and a reference Calomel (Hg-Hg 2 Cl 2 ) electrode. To measure hydrogen gas concentration in liquid a hydrogen electrode is usually used (Pt or another noble metal − gold, rhodium, palladium, etc.). The hydrogen H + ions and the molecular hydrogen H 2 set the equilibrium potential in compliance with the reaction: H 2 ⇔ 2H + + 2e - [16] . This reaction proceeds very fast, so in its course the equilibrium state remains stable; in electrochemistry this electrode is adopted as zero reference (with zero potential). In microbiology, to measure dissolved oxygen and hydrogen gases the microrespiration Clark electrodes are used [17] . In a Clark's electrode the cathode polarized versus an internal Ag/AgCl anode is placed behind an electrically insulating silicone rubber membrane, which is extremely permeable to oxygen. The flow of electrons from the anode to the oxygen-reducing cathode reflects linearly the partial oxygen pressure around the sensor tip and is in the pA range. The same principle holds for a hydrogen Clark-type sensor: the environmental hydrogen is driven by the external partial pressure and penetrates through the sensor tip membrane to be oxidized at the platinum anode surface [18, 19] . Flynn et al. [20] used chemochromic sensors for screening in order to identify positive (i.e. hydrogen-producing) algal colonies. A chemochromic sensor film, which is normally transparent, turns blue in the presence of hydrogen gas.
Hydrogen gas is produced during the bacterial fermentation process in anaerobic conditions. In practice, hydrogen is collected in the gaseous state, since dissolved hydrogen tends to become gas. To optimize the hydrogen collection methods it is necessary to study properly the hydrogen production kinetics in liquid phase during the fermentation process. The experimental test system for bacterial hydrogen production and micro-sensors (Unisense, Denmark) were used to determine the hydrogen gas concentrations in liquid; the mass-spectrometry method was employed for measurements in the hydrogen-containing head space.
EXPERIMENTAL
Escherichia coli strain MSCL 332 (i.e. from Microbial Strain Collection of Latvia) was grown on Luria-Bertani (LB) nutrient agar plates (5 g/l yeast extract, 10 g/l tryptone, 10 g/l sodium chloride, 15 g/l Bacto agar [21] ). E.coli from single colonies on the agar plates were inoculated in 2 x 150 ml flasks containing LB liquid medium. The flasks were aerobically shaken at 37°C for 12 hours at 120 rpm using a multi-shaker PSU-20 (BioSan, Latvia). The bacteria cell number in the overnight culture was titrated at 10 -6 dilution. The amount of bacterial cell protein was calculated assuming that one E.coli cell contains 1.54×10 -13 g of protein [22] . The overnight culture in LB liquid medium was mixed (1:1) [24] ). Glucose (3.3mM, final concentration, sterilized through membrane 0.2µm filter) was added at the start of experiment.
The hydrogen and oxygen concentrations were measured with Clark-type microsensors (Unisense, Denmark) in the sample liquid phase. The microsensors were connected with the signal amplifier − a pico-ammeter and an A/D current converter connected to PC using USB port.
Before the measurements, both oxygen and hydrogen microsensors were calibrated in a liquid culture medium (similar to the sample measured by 15 min bubbling Ar) for zero concentrations and hydrogen gas (99.999% supplied from AGA SIA or using a proton exchange membrane electrolyser from Fuelcellstore.com) and clean air for 100% dissolved H 2 and O 2 concentrations (730 and 760 μmol/l, accordingly). The system is able to work independently when measurements are made in one sample. If there are several samples at a time, it is necessary to move microsensors manually and to sterilize the sensor tip using 96% ethanol, 0.1 M NaOH and distilled water every time when it is taken out from the sample [19] .
The gas from the headspace of liquid bacterial culture in the test vessel was taken to an RGAPro-100 mass-spectrometer to analyze its components. The gas from an argon balloon through a diffuser was let in the test vessel with bacteria culture to sustain the anaerobic environment (see Fig.1 ) and put in a water bath to maintain a temperature of 37±2 °C.
Gas inlet with diffuser
Fig. 1. Experimental test system for H 2 concentration measurements with mass-spectrometer.
Argon gas was bubbled through the liquid for 15 min (flow 13 l/h) and gas measurements were made with 30 min and an hour intervals. The total time of measurements was six hours. The gas volume taken for each analysis was 20 cm 3 . During the mass-spectrometric analysis, simultaneous measurements with a hydrogen microsensor were taken in order to make unbiased comparison of massspectrometric and hydrogen microsensor analyses. The concentration of dissolved hydrogen gas was measured with a microsensor; the mass-spectrometric analyses were made for the atmospheric composition in the headspace of the sample bacteria culture and nutrients.
The experimental results of microsensoric measurements were analyzed using Sensor Trace Basic and MicOX (A/S Unisense) programs, and processed by Microsoft Office Excel 2007. The mass-spectrometric data were analyzed by RGA 3.0 Software for SR Residual Gas Analyzers program.
RESULTS AND DISCUSSION
The hydrogen output was measured for seven hours after the beginning of fermentation process; increase in the hydrogen concentration was observed starting from the second hour after adding glucose. The constancy of oxygen concentration in the measurements evidences that the system had reliable anaerobic conditions (Fig. 2) . As is seen from this figure, the concentration of dissolved hydrogen stopped increasing after 5-10 h as glucose exhausted (similar results are reported in [25] ).
The maximum rate of hydrogen formation in the test system was 612 µmol/ l/20 min or 1.4 mmol [2.4 mg] /l per h for 43 mg protein mass (i.e. 32.6 µmol/mg protein mass). The maximum concentration of dissolved hydrogen (2481 µmol/l or 2.5 mmol/l) is reached in the fourth hour of fermentation as is seen in Fig. 2 . This concentration at least three times exceeds the maximum thermodynamically allowed concentration of dissolved hydrogen in water (730 μm/l [13] ). To demonstrate that the hydrogen production began only after glucose had been added various glucose concentrations were tested. The correlation between the glucose concentration and the hydrogen output is shown in Fig. 3 . To calculate the partial pressure of hydrogen in the headspace Henry's law was used. The calculations were done using the measured dissolved hydrogen concentrations in the test system (2481 µmol/l after 4 h fermentation). At room temperature and normal atmospheric pressure the Henry constant is:
therefore p H = 1282.05⋅c H (atm) and in our case p H = 1282.05⋅2481⋅10 -6 = 3.18 atm, which obviously does not fit the experimental results obtained in the massspectrometric analysis. As is seen from Fig. 4 , the partial pressure of hydrogen of 3.18 atm above the test system's headspace is inadequate to the concentrations determined by mass-spectrometric analysis -only 6⋅10 -3 atm or 0.6% vol. Fig. 4 . Mass-spectometric analysis of the sample with bacteria E.coli before fermentation (light gray curve) and after 6h (black curve).
The mass-spectrometric analysis has revealed the presence of different volatile substances − the end products of bacterial formation: acetate, carbon dioxide, ethanol, acteone, and hydrogen gas. In three separate measurements (without Ar bubbling and liquid mixing, with argon bubbling only, and with argon bubbling & liquid mixing) the mass-spectrometric analysis showed a hydrogen concentration increase from 0% to 0.4% after 6 h fermentation only in one measurement when no argon bubbling and mixing was applied. Such an increase in the hydrogen concentration (only 3.6·10 -3 atm partial pressure) is not convincing as compared with the concentrations measured in liquid phase. A reason for that could be the limited hydrogen migration from liquid to gaseous phase (dissolved hydrogen oversaturation); besides, the mass-spectrometry measurement method was not perfect (it is to be optimized in the future experiments). As reported in scientific literature [26, 27] , in experiments with dissolved and gaseous hydrogen a low liquid-to-gas mass transfer was observed. Despite hydrogen being a poorlysoluble gas in anaerobic environment, it can become over-saturated in liquids [27] . Concentrations of dissolved gas are higher than theoretically possible in the anaerobic processes where gases are formed in the liquid phase and tend to reach the gas phase. Such over-saturation could be associated with biological processes: lower pH due to the formation of gases (e.g. CO 2 , H 2 S) in anaerobic processes; besides, a negative thermodynamic effect is caused by inhibator gases − e.g. H 2 , since the hydrogen synthesising enzymes are sensitive to H 2 concentrations and are subject to the end-product inhibition. As concentrations of hydrogen increase, its synthesis rate decreases: the evolved H 2 is consumed by E.coli uptake hydrogenases Hyd-1 and Hyd-2 [14, 6, 9] .
As mentioned, the hydrogen synthesising enzymes are sensitive to the end product − the hydrogen gas concentration. As this concentration increases the synthesis rate decreases, with formation of mixed-acid hydrogen-containing fermentation products (ethanol, acetate, butane) [6] . To enhance the hydrogen gas output, the bacterial metabolism has to be switched from alchocol and acid formation to volatile fatty acids [14] . This can be facilitated by the system's optimization, for example, using continuous bubbling with inert gas to reduce the partial pressure of hydrogen in the liquid phase thereby increasing its formation in the gaseous phase. To enhance hydrogen formation, very delicate bubbling/mixing procedures should be applied, since in our measurements, with intense bubbling and mixing by a magnetic stirrer, the least hydrogen increase in the headspace was observed. However, Oh Y-K et al. [28] report that the bubbling with argon or nitrogen increases the production of hydrogen in fermentation processes as compared with bioreactors where no bubbling occurs.
CONCLUSIONS
The developed lab-scale test system allows estimation of the hydrogen production. As a hydrogen producing microorganism, Escherichia coli wild-type strain MSCL 332 from Microbial Strain Collection of Latvia was successfully used. The hydrogen concentration in the headspace was analyzed by mass spectrometry. Due to incompleteness of the test system the hydrogen concentration in the gaseous phase was not detected, which therefore remains to be a subject of future activities. Also, the gas measuring system should be improved based on the mass-spectrometry. To enhance the transfer of dissolved hydrogen into the headspace, continuous gas bubbling and mixing are required.
The dissolved hydrogen and oxygen concentrations in liquid phase during the fermentation process were measured using microsensors (Unisense, Denmark). The maximum of dissolved hydrogen concentration (2481 µmol/l) was reached by the fourth hour of fermentation, which is markedly higher than predicted by Henry`s law (730 µmol/l). Also, alternative methods should be employed for the hydrogen collection directly from the nutritional broth thus making it possible to develop commercial hydrogen production. 
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